TEMPO nanofibrillated cellulose (TNFC) from two underutilized Appalachian hardwoods, Northern red oak (Quercus rubra) and yellow poplar (Liriodendron tulipifera), was prepared to determine its feasibility to be used as template for antimicrobial metallic copper particles. In addition, a comparison of the TNFC from the two species in terms of their morphological, chemical, thermal, and mechanical properties was also performed. The woody biomass was provided in the form of logging residue from Preston County, West Virginia. A traditional kraft process was used to produce the pulp followed by a five-stage bleaching. Bleached pulps were then subjected to a TEMPO oxidation process using the TEMPO/NaBr/NaClO system to facilitate the final mechanical fibrillation process and surface incorporation of metallic copper. The final TNFC diameters for red oak and yellow poplar presented similar dimensions, 3.8 ± 0.74 nm and 3.6 ± 0.85 nm, respectively. The TNFC films fabricated from both species exhibited no statistical differences in both Young's modulus and the final strength properties. Likely, after the TEMPO oxidation process both species exhibited similar carboxyl group content, of approximately 0.8 mmol/g, and both species demonstrated excellent capability to incorporate antimicrobial copper on their surfaces.
Introduction
The production of nanofibrillated cellulose (NFC) from woody biomass has been the subject of intensive investigation in recent years, primarily, due to their unique properties including nontoxicity, biodegradability, renewability, biocompatibility, high specific surface area, high mechanical performance, and feasibility to be chemically modified [1] . These properties are opening new opportunities for NFC applications in areas that include the food industry, papermaking, pharmaceutical/medical, and composites/nanocomposites among others [2, 3] .
NFC is nanosized cellulosic chains with dimensions less than 50 nm wide and lengths in the order of several micrometers [4, 5] . NFC can be produced by applying a mechanical treatment such as high-pressure homogenization, microfluidization, grinding, and ultrasonication, to bleached pulps [3] . One important disadvantage of any mechanical treatment is its high energy consumption which has been addressed applying a preliminary pretreatment. Enzymatic and/or chemical pretreatment were demonstrated to decrease the energy demand because they will weaken the bonds that hold the cellulosic chains together making it easier to break them into nanocellulose or nanofibrillated cellulose [6] . The chemical pretreatment TEMPO-mediated oxidation process will facilitate the breakup of the fiber network and release the nanofibrils through electrostatic repulsion and osmotic effects.
TEMPO or 2,2,6,6-tetramethylpiperidine-1-oxyl is a highly stable nitroxyl radical which is used extensively in the selective oxidation of primary alcohols to corresponding aldehydes and carboxylic acids. In aqueous environments, TEMPO catalyzes the conversion of carbohydrate primary alcohols to carboxylate (COO-) functional groups in the presence of a primary oxidizing agent, for example, sodium hypochlorite (NaOCl). In particular, wood fibers can be 2 Journal of Nanomaterials converted to individual nanofibers 3-4 nm wide with several microns length by TEMPO-mediated oxidation and successive mild disintegration in water [7, 8] . During this reaction significant amounts of C6 carboxylate groups are selectively formed on each cellulose microfibril surface with minimum changes of the original crystallinity of the cellulosic material. The negative charged carboxylate groups introduced by a TEMPO-mediated oxidation will facilitate the subsequent fibrillation process due to the electrostatic forces created among microfibrils [4] .
To date, some studies have compared NFC characteristics from softwood and hardwood biomass sources [5, [9] [10] [11] [12] [13] . Part of the available information has been focused on the evaluation of the final NFC morphology using only a mechanical fibrillation treatment [12, 13] ; the other part has been focused not only on the final NFC morphology but also on its carboxylic acid availability when a preliminary TEMPO-mediated oxidation process is applied to facilitate the mechanical fibrillation [5, [9] [10] [11] . To the authors' knowledge there is no previous or ongoing research regarding the use of the modified nanofibrillated surfaces to attach antimicrobial metal particles in addition to the research performed so far at West Virginia University, where we demonstrated that copper nanoparticles can be effectively synthesized on softwoods TEMPO nanofibrillated cellulose (TNFC) [14] . Likewise, the effectiveness of this TNFC-supported copper in terms of antimicrobial performance and controlled release from thermoplastic films has been also demonstrated previously [14, 15] .
Currently, in the Appalachian region, there is a vast amount of low-value, low quality hardwood that can be used as feedstock for novel bioproducts. West Virginia is the third most heavily forested state in the nation. The harvesting process yields approximately 2.41 million dry tons of wood residues annually, including 1.34 million dry tones logging residue of which red oak is the predominant species, followed by yellow poplar and maple species [16] . Even though these species constitute a potential source for NFC production, to the extent of the authors' knowledge, no study in NFC preparation from any of the mentioned hardwood species has been performed to date. Only one study has been reported in West Virginia regarding the use of Appalachian underutilized hardwoods as raw material for nanocrystalline cellulose (NCC) production [17] . Consequently, the two hardwood species, red oak (Quercus rubra) and yellow poplar (Liriodendron tulipifera) which possess similar chemical composition [2] , but different anatomical properties, are of interest to evaluate their properties at a nanoscale. Red oak is a ring porous hardwood with prominent and conspicuous rays and thick-walled latewood vessels. Yellow poplar is a diffuse porous hardwood, with small and solitary pores and fine rays.
The goals of this study therefore include (i) evaluating the feasibility of obtaining cellulose nanofibers from highly available underutilized logging residues from red oak and yellow poplar; (ii) comparing their changes in chemical composition, morphology, carboxyl content, and thermal and mechanical properties after TEMPO-mediated oxidation; and (iii) evaluating TNFCs feasibility to synthesize metallic copper for further antimicrobial applications. 
Methods

Pulping Procedure.
Small screened samples of RO and YP were oven-dried to determine the moisture content as 12%. Kraft pulp from the oven-dried material was produced using a M/K System 6-L laboratory digester. The conditions for the pulping process are presented in Table 1 . All pulping chemical reagents, including effective alkali, EA, (NaOH + (1/2)Na 2 S), were expressed in terms of Na 2 O. Sulfidity was expressed as a percentage of the EA, and the expectedfactor was 750. The samples were subjected to the maximum temperature of 165 ∘ C for 50 min, after which the temperature was reduced rapidly. The final pulp was disintegrated by vigorous agitation, screened on a Valley flat screen (0.008-inch slot), washed, and then collected in a 200 mesh screen box. The screened wet samples were used for the next step (bleaching) while some small samples were oven-and airdried for different analysis. The oven-dried pulps were characterized in terms of their lignin content via Kappa number determination. The Kappa numbers of the two species were determined by measuring the consumption of potassium permanganate according to T236 cm-85 standard method. The percentage of lignin was estimated using the following equation:
Lignin (%) = Kappa number × 0.15.
(1)
Bleaching.
A five-stage bleaching sequence DEpDEpD was performed, where D denotes chlorine dioxide and Ep represents peroxide reinforced alkaline extraction. The pulps were thoroughly washed between stages. After the completion of all stages, the fibers were washed and oven-dried. Table 2 shows the conditions of the bleaching processes.
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TEMPO-Mediated
Oxidation. Approximately 30 g of oven-dry basis bleached pulp was add to 3 L of water that contained TEMPO (0.016 g per g pulp) and sodium bromide (0.1 g/g pulp). The reaction was started by adding NaClO solution (5.0 mmol NaClO per g of pulp) with stirring at 500 rpm at room temperature. The pH was maintained at 10 by adding 0.5 M NaOH using a pH stat until no NaOH consumption was observed. Additional NaClO was add to each sample as long as no changes in pH were observed. The TEMPO-oxidized cellulose was thoroughly washed with water by filtration and stored at 4 ∘ C before homogenization [1] . The yield has been measured based on weight of dried final material and weight of diluted samples which results in approximately 90% for both TOWP samples.
Samples of each species were air-dried and then used to characterize the degree of polymerization (DP) and carboxylic acid group determination. The rest of the TEMPOoxidized sample was diluted to 1% solid content, before homogenization. Mechanical fibrillation was performed by passing the samples twice through an M-110EH-30 Microfluidizer (Microfluidics, Newton, MA). In the first step, the material passed through a 200 m chamber and in the second step the suspension passed through 200-and 87-m chambers in series.
Chemical Analysis.
Samples from kraft and bleached pulps were dried and ground in a Willey mill to pass a 20 mesh screen (model number 2, Arthur H. Thomas co). These samples along with untreated samples were used for the chemical composition analyses that included Klason lignin, acid soluble lignin, and hemicellulose and cellulose determination. High performance anion exchange chromatography (Dionex ICS-3000 system) and the procedure developed by Davis (1998) [18] were used for the carbohydrate determination. Lignin was determined based on the amount of sulfuric acid-insoluble Klason lignin, in accordance with Table 4 : Viscosity and degree of polymerization of bleached samples and samples after TEMPO oxidation process (TOWP). Note. TOWP: TEMPO-oxidized wood pulp.
Sample(s)
Viscosity (mPa s) DP Bleached (RO) 19.4 ± 0.4 3152-3300 Bleached (YP) 10.9 ± 0.2 1666-1736 TOWP (RO) 2.9 ± 0.2 361-421 TOWP (YP) 2.4 ± 0.1 302-332 the standard of the Technical association of pulp and paper industry (TAPPI) TAPPI standards-T222 om 88. The results are presented in Table 3 . All the analyses, with the exception of acid soluble lignin, were performed in duplicate.
Determination of Intrinsic Viscosity and Degree of
Polymerization. Viscosity of the resulting nanofibrillated cellulose was measured according to TAPPI Standard Method T230 om-99. Oven-dried cellulosic solids of 0.1 g were dispersed in 10 mL distilled water and then added to 10 mL of 1 M cupriethylenediamine solution (0.5% solid concentration). The viscosity of the resultant solution was determined with a capillary viscometer. The degree of polymerization (DP) was estimated by the following equation:
where is the measured viscosity; the results are presented in Table 4 .
Carboxyl Content of the Pulp.
Determination of carboxyl content of the samples before and after the TEMPOmediated oxidation process was performed according to T237 om-88, modified as indicated below to account for the high acid content of the fiber with some reagent concentration modifications. The pulps were converted to the acid form by soaking them in 0.01 M HCl and then washing with deionized water. This acidified pulp was reacted with a standardized 0.1 M NaHCO 3 with 0.25 M NaCl solution. The amount of residual NaHCO 3 was determined by titration with 0.1 M HCl, to a methyl red endpoint. The carboxyl content was calculated in milliequivalents (meq) per 100 g of oven-dry pulp and then converted to mmol/g and the results are presented in Table 5 .
Fourier Transform Infrared Spectroscopy (FTIR).
Fourier transform infrared spectra were recorded for the raw material, bleached pulps, TEMPO-oxidized pulps, and the final TEMPO nanofibrillated cellulose (TNFC) samples using a Perkin-Elmer Spectrum 2000 FTIR spectrometer. The samples were analyzed from 600 to 4,000 cm −1 . The spectrum was obtained from dry samples using 16 scans at a 4 cm 
X-Ray Diffraction (XRD)
Characterization. X-ray diffraction (XRD) analysis was performed on the raw material, TEMPO-oxidized pulps, and the final TEMPO nanofibrillated cellulose (TNFC) samples. The analysis was performed on a X-ray diffractometer (PANalytical X'Pert Pro XRD) in the range of 10 ∘ to 40 ∘ 2 . Cu-k 1 8047.2 eV source and a maximum X-ray power of 45 kV and 40 mA were used. The crystallinity index (CI) after the different treatments was determined using the peak height method and calculated by the Segal empirical method [19] after subtraction of the background signal:
where 200 is the peak intensity corresponding to crystalline cellulose I at 2 = 22.6 ∘ and am is the intensity minimum between the 200 and 110 peaks (2 = 18 ∘ ).
The results are presented in Table 6 and Figure 2 .
Thermogravimetric Analysis (TGA)
. Thermogravimetric analysis was performed for the raw material and the final TEMPO nanofibrillated cellulose (TNFC) using 4-6 mg sample. The data was obtained using a TA Q50 thermogravimetric analyzer (Delaware, USA). The temperature was set from 25 ∘ C to 600 ∘ C at a heating rate of 10 ∘ C/min under a nitrogen atmosphere at a flow rate of 20 mL/min. The results of this analysis are presented in Table 7 and Figure 3 . Table 7 : Onset degradation temperature ( onset ), maximum thermal degradation temperature ( max ), maximum weight loss (WL max ), and CY (char yield) (%) (char residue after 575 ∘ C). Journal of Nanomaterials
Scanning Electron Microscopy (SEM).
Scanning electron microscopy (SEM) was used to evaluate the effect of mechanical fibrillation on the samples morphology. TEMPOoxidized wood pulp (TOWP) and TEMPO nanofibrillated cellulose (TNFC) were freeze-dried after a preliminary solvent exchange process using ethanol and tert-butanol [20] . Freeze drying was conducted on a VirTis Genesis Freeze Dryer (Warminster, PA, USA) at −40 ∘ C for 1 week. The morphological analyses of the samples were performed using a Hitachi S-4700 FESEM-EDX. Before the FESEM-EDX analyses, all the samples were coated with gold-palladium using a sputtering process to provide adequate conductivity. The diameter of different samples after bleaching and TEMPO oxidation was measured and calculated using the ImageJ Manipulation Program [21] for at least 30 fibers for each sample. Results are presented in Figure 4 .
Transmission Electron Microscope (TEM).
For TEM analysis TNFC samples of RO and YP were used as their original undiluted suspension form. Undiluted TNFC suspensions were deposited on a glow-discharged copper grid with formvar and carbon film (400 mesh) for 5 min and then rinsed thoroughly using a 1% aqueous uranyl acetate stain followed by blotting dry. Samples were imaged using Philips CM-100 TEM (Philips/FEI Corporation, Eindhoven, Holland) operated at 100 kV, spot 3,200 m condenser aperture, and 70 m objective aperture. The images were captured in digital form directly on the microscope using Gatan Orius SC200-1 2 Mpixel CCD camera (Gatan, Inc., Pleasanton, CA) with 19k, 46k, and 92k magnification. The diameter of different NFCs was measured and calculated from TEM images using the ImageJ Manipulation Program [21] for at least 50 nanofibers in each sample. The results are presented in Figure 5 .
Preparation and Characterization of TNFC Films.
TNFC hydrogel films were prepared by filtering TNFC suspensions which were dried afterwards. The filtration was performed by first diluting the TNFC suspension to 0.2% solid by weight with reverse-osmosis-treated water. Following the dilution, the suspensions were filtered using a 142-mm Millipore ultrafiltration system (Millipore Corporation, Billerica, MA, USA) under 0.55 MPa of air pressure. Omnipore TM filter membranes with a pore size of 0.1 m (JVWP14225, JV, Millipore Corporation, USA) were supported on filter paper in the ultrafiltration system. The wet films (hydrogels) were peeled from the membrane, processed, stacked, and placed between an assembly of waxy coated papers, absorbent blotter paper, and two metal caul plates. The assembly was air-dried at room temperature for 24 h and then oven-dried at 60 ∘ C for 8 h under a load of approximately 250 N. The blotter and filter papers were replaced several times over the first 24 h to minimize wrinkling of the films [22] .
The tensile strength of different NFC films was tested using an Instron 5865 universal material testing apparatus (Instron Engineering Corporation, MA, USA) with a 500 N load cell, according to ASTM D638-10. The specimens were cut according to ASTM D638-10 type V dog bone shape using a special die (Qualitest, FL, USA) and were subsequently conditioned at 50% RH and 23
∘ C for at least 1 week prior to testing, also at 50% RH and 23 ∘ C. The specimens were preloaded with a 5 N force to remove slack and the tests were performed with a crosshead speed of 1 mm/min. At least 6 specimens were tested for each sample. A LX 500 laser extensometer (MTS Systems Corporation, MN, USA) was used to determine the displacement with sampling frequency of 10 Hz. The laser recorded the displacement between two strips of reflective tape initially placed 8 mm apart on the neckeddown region of the dog bone specimens. Strain was calculated from the displacement and initial gage length [23] . The stressstrain curves were fit to a hyperbolic tangent and the tensile modulus was taken as the slope of the fit curve at zero strain. The statistical significance was determined using a two-tailed unpaired Student's -test and value < 0.05 was considered statistically significant. The maximum tensile strength and the corresponding tensile modulus are presented in Figure 6 .
Preparation of Hybrid TNFC and Copper Nanoparticles.
The hybrid TNFC-metallic copper particles were prepared according to Jiang et al., 2016 [14] , and Zhong et al., 2015 [15] . Upon dispersing the hybrid materials into deionized water, they were dried using a preliminary solvent exchange process with ethanol/tert-butanol and then freeze-dried as described by Zhong et al., 2015 [20] .
Copper Determination on TNFC from Red Oak and Yellow Poplar.
Copper determination of TNFC-metallic copper particles was conducted using Energy-Dispersive X-ray (EDX) analysis and the results are presented in Table 9 . The morphological analysis of the TNFC-metallic copper particles from red oak and yellow poplar was performed using a Hitachi S-4700 FE-SEM; the samples were previously coated with gold-palladium using a sputtering process to provide adequate conductivity. An example of the final morphology of these samples with the presence of copper crystals is presented in Figure 7 .
Results and Discussion
Chemical Analysis.
The contents of the primary constituents (cellulose, hemicellulose, and lignin) of the untreated woody samples and bleached pulps are presented in Table 3 . According to these results, bleached samples of YP contained slightly more cellulose content and less hemicellulose than RO. For RO and YP, carboxylic contents were nearly identical (Table 5 ) and might be one reason indicating that the difference in hemicellulose content between two samples is negligible to have an effect on carboxyl content. It has also been reported that high content of hemicelluloses facilitates the release of nanofibrils during the mechanical treatment of the pulp [24] ; however, as mentioned above, the difference in hemicellulose content in RO and YP does not look significant based on results of carboxyl contents.
In terms of lignin, no differences between RO and YP were determined for both untreated and bleached pulps. The kappa number (KN) of the kraft pulp was 13.25 and 20 giving the lignin percentage of 1.72 and 2.6 for RO and YP after the kraft pulping, respectively. The kappa number varies according to the wood species and delignification procedure during pulping [25] .
Degree of Polymerization (DP).
The degree of polymerization as a function of the viscosity of bleached and TEMPOoxidized wood pulp (TOWP) from RO and YP is presented in Table 4 . The viscosity is an indirect measurement of the cellulose polymer chain length and can be used to indicate chemical degradation of the pulps due to chemical or mechanical treatments. The viscosity and correspondent DP result are higher for RO bleached and TOWP samples. This result might be related to the previous difference in terms of the hemicellulose content. The TEMPO-mediated oxidation and especially the use of NaClO inevitably lead to depolymerization of the starting material in both samples of RO and YP but showed a slight reduction in YP samples.
Carboxyl Content.
The carboxylic group content was determined for RO and YP bleached pulps and for the RO and YP TEMPO-oxidized samples. As presented in Table 5 the carboxylic group increased from 0.05-0.07 mmol/g for the bleached pulps to 0.80-0.82 mmol/g after the oxidation process. The increase in the carboxylic content after the TEMPOmediated oxidation process was similar for both hardwood species. Figure 1 The absorption peaks at 3300 cm −1 and 2920-2800 cm
FTIR Spectroscopy Analysis. The analysis of functional groups through FTIR is presented in
were attributed to hydrogen bonded hydroxyl (OH) groups of cellulose and absorbed water and aliphatic saturated C-H stretching vibration, respectively [26] [27] [28] [29] [30] . These peaks increased in intensity after bleaching and TEMPO oxidation.
The bands present at 1730 and 1739 cm −1 which are possible to observe only for the untreated raw material for both RO and YP can be attributed to C=O stretching of the acetyl and uronic ester groups of hemicellulose or the ester linkage of carboxylic groups of ferulic and p-coumaric acids of lignin and/or hemicellulose [31, 32] . This band was no longer present in the FTIR spectra of RO and YP after bleaching and subsequent TEMPO oxidation treatments. The disappearance of this band is largely due to the removal of hemicellulose and lignin from RO and YP fibers during the chemical extraction [31, 33] . The peaks at 1,509-1,504 cm −1 in the spectra of raw samples of RO and YP represent the -C=C-stretch of the aromatic rings of lignin [32, 34] . The lower amount of this peak in the treated samples is attributed to the removal of lignin during chemical procedures.
Two strong absorption bands at around 1638-1600 and 1412-1402 cm −1 , which correspond to carbonyl groups -C=O, are present in both spectra in response to the TEMPOmediated oxidation process. As expected after the TEMPO oxidation process hydroxyl groups at the C6 position of cellulose molecules were converted to sodium carboxylate. The intensity of -C=O peaks for both hardwood species presents the following trend: TNFC = TOWP > bleached > raw material individually, whereas, comparing RO and YP graphs, these areas have shown same intensity.
The peaks observed in the spectra of the fibers around 1225 cm −1 are due to the C-O stretching of the aryl group in lignin [35] . Disappearance of this peak from the spectra of the bleached pulp fibers as well as from those of the nanofibers is explained by the removal of lignin due to chemical treatments.
The stretching of C-O and O-H and bending vibration of the C-O-C pyranose ring in cellulose molecules [36, 37] can be observed as peaks around 1070-1010 cm −1 for all samples. The peak at 1029 cm −1 for both hardwood species seems to be much higher for TNFC in following the trend TNFC > TOWP > bleached > raw material in RO and YP meaning more carbohydrate content after treatment.
To summarize, the typical absorption band that appears in RO and YP was similar, and there were no significant differences between them after different treatments.
Crystallinity Determination.
The XRD patterns of the raw material, oxidized samples by TEMPO (TOWP), and nanofibrillated cellulose (TNFC) from red oak and yellow poplar are presented in Figures 2(a) and 2(b) , respectively. The resultant Crystallinity index for those samples is displayed in Table 6 .
All samples had diffraction peaks at 2 = 16.5 ∘ and 22.5 ∘ , which is considered to represent the typical cellulose I pattern [38] . The crystallinity index (CI) of the original samples was 37 and 34.4% for RO and YP, respectively. After oxidation, the apparent crystallinity of samples increased to 61.7 and 59.8% in RO and YP, respectively, owing to the removal of hemicellulose and lignin. This increase was expected, but not that significant. Some artifacts in the measurement of CI might be affecting the results, but since the increase was similar for both species, the values were accepted. The crystallinity went through significant reduction upon the homogenization process to a degree of 39% in TNFC species of RO and YP, respectively. Mechanical fibrillation appears to affect importantly the final crystallinity of TNFC samples, but, once again, caution must be considered here because of possible artifacts associated with the measurements of crystallinity of TEMPOoxidized pulps. Some researchers determined a reduction in crystallinity after a high level homogenization of TEMPOoxidized pulps due to either breakage or peeling-off of the cellulose [9, 13, 39] . Even though differences in the crystallinity index after the TEMPO oxidation stage and after the fibrillation process were observed, the differences were similar between the two hardwood species in study.
3.6. Thermal Gravimetric Analysis. Thermogravimetric (TGA) and derivative thermogravimetric (DTG) analyses were performed to compare the thermal degradation characteristics of the untreated and chemomechanical treated RO and YP. Details of the major decomposition temperatures and the corresponding percentage of weight losses are summarized in Table 7 . The thermal behaviour of lignocellulosic materials depends on their chemical composition, structure, degree of crystallinity, and the molecular interactions between the different macromolecules [40] . Between the temperatures of 150 and 500 ∘ C, the degradation process begins in the cellulose, hemicellulose, and the associated linked water.
In the TGA curve represented by weight (%) (Figure 3(a) ), thermal degradation of untreated raw samples begins at temperatures 304.5 and 312 ∘ C ( Onset ), whereas in TEMPOoxidized NFCs the onset began at 224 and 225 ∘ C for RO and YP, respectively. In the DTG curve represented by deriv. weight (%/ ∘ C) (Figure 3(b) ), both TEMPO-oxidized and untreated samples showed a prominent pyrolysis process, with a clear double step degradation for TNFC samples (stages I and II). The maximum weight loss was observed in the temperature ranges 230-290 ∘ C and 285-366 ∘ C, respectively.
As shown in the DTG curves in Figure 3 (b) the untreated RO showed a small broadening or shoulder at 285 ∘ C on the left side of the main peak (366 ∘ C), which may have been due to the decomposition of hemicellulose as hemicelluloses has lower thermal stability than lignin and cellulose [41] . In the case of the untreated YP, the DTG curve showed a less sharp peak on the left side of the main peak, which may be explained by the lower content of hemicellulose. This probably resulted in better thermal properties for the untreated YP than RO (304.5 versus 312 in Table 7 for raw RO and raw YP, resp.) since the decomposition of hemicellulose begins at much lower temperatures, compared to cellulose [42] . The final major decomposition peak observed at the high temperature range (300-400 ∘ C) is accounted for in the pyrolysis of cellulose. This peak was higher in YP compared to RO in both raw fibers and TNFC samples (stage II of Table 7 ) and might be explained by the fact that YP showed a higher cellulose content than RO by carbohydrate measurement ( Table 3) . As expected, the degradation temperatures of TEMPO-oxidized NFCs for both RO and YP were lower than those of untreated samples, because the carboxylic acid groups initiate thermal decomposition at lower temperatures [43] . These results are consistent with the results obtained from FTIR and XRD measurements. As presented in Table 7 , the char residues (CY%) from TNFC samples were higher than those of raw samples. The large amount of char residue form TEMPOoxidized NFCs is due to the high sodium ion which will hold carbonate, so the high sodium content after neutralization Figures 4(e) and 4(f) are SEM images of TEMPO nanofibrillated cellulose (TNFC) from RO and YP, respectively. Before the analysis the samples were dried using a solvent exchange process previously to a freeze drying stage [20] . The preparation method aims to produce a material with high specific surface area. As presented in both images a fibrillar and porous network structure resulted for both red oak and yellow poplar species. The magnification for these samples was different compared to the previous ones, to highlight the high porous structure resultant for both species after their mechanical fibrillation and drying processes.
In Figures 5(a) and 5(b) TEM images of TEMPO nanofibrillated cellulose (TNFC) from RO and YP, respectively, are presented. As mentioned earlier, the diameters of these TNFCs were measured from TEM images using the ImageJ Manipulation Program [21] . The average diameter for TNFC from RO resulted as 3.8 ± 0.74 nm and as 3.6 ± 0.85 nm for TNFC from YP. The maximum diameter was 5-6 nm with 6% distribution in both species.
The distribution of diameter percentages of nanofibrils is presented in Figures 5(c) and 5(d) for TNFC RO and TNFC YP, respectively. This information indicates that there are 10% more nanofibrils with diameters in the range of 3.0-4.0 nm for RO compared with YP, and also 10% more nanofibrils with diameters in the range of 5.0-6.0 nm for RO compared to YP. No nanofibrils with diameters in the range 1.0-2.0 nm were found for RO. In the nanofibril diameter range between 2.0 and 3.0 nm YP resulted 14.5% higher than RO. The introduction of negative carboxyl groups on nanofibril surface generated strong repulsive forces, which resulted in separated individual nanofibrils with narrow diameter distribution [44] .
Mechanical
Properties of NFC Films. TNFC films of RO and YP were produced and their mechanical properties were measured. Ten randomly chosen films were used for these measurements. The average film thickness was 127 micrometers for both NFC samples.
The tensile modulus (modulus of elasticity or MOE) of the various NFC films was calculated based on the initial linear region of the stress-strain curve and is shown in Figure 6 (a). YP and RO were shown to be very close in MOE (12.35 ± 1.02 GPa versus 13.6 ± 2.09) with no significant value. Previous studies by other groups showed that tensile modulus strongly depends on the crystallinity of nanofibrils as [23, 45, 46] . The results of MOE in both species were in accordance with XRD analysis by which both TNFC samples showed close range of crystallinity after homogenization ( Table 6 ). The strain at break for the various NFC films also demonstrated no significant difference between films of RO (7.75% ± 1.4) compared to YP (6.41% ± 2.04) (Figure 6(b) and Table 8 ).
The maximum tensile stress (strength) of films prepared from different NFCs is shown in Figure 6 (c) and [47] pointed out that the tensile strength, toughness, and strain to failure of nanofiber films correlate with the average molar mass of the nanofibers. Qing et al. (2013) [23] reported similar results from Eucalyptus TNFC samples, showing higher tensile strength of approximately 220 MPa caused mainly because of the higher DP of the oxidized cellulose, while the crystallinity of their TNFC samples was in the range of our samples. Saito et al. (2009) [44] also reported that TEMPO/NaClO/NaClO 2 system provides CNF with up to approximately 1.5 times higher tensile strength (312 MPa) compared to those CNF from TEMPO/ NaBr/NaClO, which was again attributed to the higher DP of the final CNF. Moreover, Rodionova et al. (2012) [8] reported that the final refining and homogenization process results in significantly higher defects and shorter lengths for hardwood nanofibers compared to softwood nanofibers; so, the correspondent tensile strengths of the softwood nanofiber films were significantly higher than the strengths of the hardwood nanofiber films.
Copper Determination.
As mentioned earlier, samples of TNFC from red oak and yellow poplar after the copper synthesis step (TNFC-Cu) were characterized by Energy-Dispersive X-ray Analysis (EDX). The results show that both nanofibrillated hybrid materials (from red oak and yellow poplar) have similar copper weight percentage present after the synthesis process. This result can be attributed to the similar carboxylate content for both TNFC species and sites where copper is reduced from salts to the correspondent metallic state. This result is confirmed through the SEM analysis, presented in Figure 7 , where the presence of copper is represented as crystals on the surface of TNFC-Cu from red oak. Similar pictures were found for yellow poplar. The presence of copper in the nanofibrillated hybrid material makes it possible to assume that the final hybrid material will possess antimicrobial properties as demonstrated in a previous research [48] .
Conclusions
Underutilized woody biomass composed by red oak (Quercus rubra) and yellow poplar (Liriodendron tulipifera) was used for producing TEMPO nanofibrillated cellulose (TNFC) using a chemimechanical treatment. The morphological analysis performed by TEM on TNFC indicated a final average fibril width between 3 and 4 nm for both species. The carboxylate content after the TEMPO oxidation process resulted in approximately 0.8 mmol/g for both species. No difference in the lignin composition trend was observed after the pulping and bleaching process for both woody species; hemicellulose content was higher for red oak in all treated and untreated samples but showed no impact on the final morphology, carboxylate content, or mechanical properties of the final TNFC. Model films prepared from red oak and yellow poplar evidenced similar thermomechanical properties; however, the strength of the two species seemed to be lower than the values published elsewhere. The low strength of films achieved in this research is probably due to the reduced DP after the mechanical treatment. Overall, both TNFCs from red oak and yellow poplar presented the same capability to support metallic copper to be used as hybrid materials in thermoplastic films for applications in the packaging and medical/pharmacy fields.
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